We have fabricated the patterned porous honeycomb-like film with the aggregation-induced emission (AIE) property successfully by breath figure method. Characterization of contact angles (CA) indicated that the patterned porous honeycomb structure can improve the hydrophobicity of the film, while smooth films do not have this function. Characterization of the fluorescence property indicates that the patterned honeycomb structure films are highly emissive. This work could not only be promising for controlling molecular group reorientation and suitable for the application of manipulating surface composition of the film but also make the tetraphenylethene derivatives with AIE properties have a promising application future in special wettability surface. The present findings should open a way for the new application of honeycomb structure materials, which will be useful in many areas, such as sensors, tissue engineering, clinical medicine, and biomaterials.
Introduction
The breath figure (BF) technique is a simple and robust method to prepare porous honeycomb structure films, which was firstly reported by Widawski et al. [1] . The formation mechanism of the honeycomb structure has been suggested by Maruyama et al. [2] . Here, it will be only briefly outlined. When a water-immiscible organic solvent starts to evaporate, its surface becomes cool. Water from the atmosphere starts to condense. Because the condensation takes place on an unstructured liquid surface, the water droplets have a narrow size distribution. With ongoing evaporation of the organic solvent, these water droplets can grow until the solution becomes too viscous. The droplets of the condensed water self-assemble into a hexagonally ordered array at the air/solution interface. After the evaporation of solvent and water droplets, the well-ordered honeycomb structure is left on the film surface. This method is more competitive compared to other methods because it is nonpolluting, cheaper, and faster. In the past ten years, most work in this field has mainly focused on changing polymer pieces and solvents to prepare ordered porous films by the BF process [3] [4] [5] [6] . Recently, research in this field started to concentrate on fabricating new structures, such as patterned structures and three-dimensional structures [7, 8] , and building new functional honeycomb films with different properties, such as photoelectric conversion [9] , photocatalysis [10] , antireflection [11] , hydrophobicity [12] , high mechanical strength [13, 14] , and cell adhesion [15] [16] [17] . However, their new applications, particularly in the aspects of preparing patterned honeycomb structural square lattices, are still in their infancy.
In general, conventional chromophoric molecules are emissive in their dilute solutions but become weakly emissive or even nonemissive in the solid state because aggregation commonly quenches light emission [18] . This phenomenon is called aggregation-caused quenching (ACQ) [19] [20] [21] , which is very common and has been attributed to the nonradiative decay of sandwich-shaped excimers and exciplexes formed among the closely packed dye molecules in the aggregates. Recently, an extraordinary phenomenon of aggregationinduced emission (AIE) [22, 23] was discovered, which is exactly opposite to the ACQ effect discussed above [19] [20] [21] . In this paper, we have prepared patterned honeycomb structural square lattices using the polymer with the AIE property and Figure 2 : (a) The fluorescence microscope image of the film before photopolymerization (left) and after photopolymerization (right); (b) fluorescent spectrum of the film before and after photopolymerization. Excitation: 320 nm. From the fluorescence microscope image and the fluorescent spectrum of the film before and after photopolymerization, it can be seen that the porous film can be prepared over a large area, which has the AIE property whether it is photopolymerizable or not. studied their wettability and fluorescence. Characterization of contact angles (CA) on the patterned film indicates that the porous honeycomb structure can improve the hydrophobicity of the film, while smooth films do not have this function. This phenomenon of honeycomb structure will be useful for controlling molecular group reorientation and suitable for the application of manipulating surface composition of the film. Characterization of the fluorescence property indicates that the patterned honeycomb structure film is highly emissive.
Experimental Section

Preparation of the Honeycomb Structure.
The polymer was provided by HKUST. Its structure was characterized by standard spectroscopic methods. The molecule was characterized by NMR spectroscopy. The purity was also confirmed by elemental analysis with satisfactory results. Water was purified using a Milli-Q purification system (Millipore Corp., Bedford, MA) to give a resistivity of 18 MΩcm.
A solution of polymer in 1,2-dichloroethane (10 L, 0.62 wt%) was cast on cleaned substrates (glass) at room temperature (20 ± 1 ∘ C) under a humid atmosphere with relative humidity (R.H.) of 85%, and honeycomb-patterned films were obtained. For comparison, smooth films were fabricated by casting the same solution on substrates under ambient atmosphere (R.H. = 48% at 20 ± 1 ∘ C).
Photopatterning.
Photo-cross-linking reactions of the polymer films were conducted in air at room temperature using 365 nm light obtained from a Spectroline ENF-280C/F UV lamp at a distance of 5 cm from the light source. The incident light intensity was 18.5 mW cm 2 . The photoresist patterns were generated by UV irradiation of the polymer films through copper photomasks for 20 min followed by development in 1,2-dichloroethane. 
Sample Characterization.
Fluorescence images of the honeycomb film were measured in the Zeiss laser scanning confocal microscope with 405 nm excitation. Model is LSM7 DUO (710 + LIVE). The contact angles (CA) were examined on a Dataphysics OCA20 CA system at ambient temperature. The CA values were the averages of five independent measurements. The honeycomb structure films were imaged under an inverted fluorescence microscope (Nikon Eclipse TE2000-U), diachronic mirror 400 nm. The images were captured using a digital CCD camera. Fluorescence spectra were tested on a Hitachi F-4500 fluorescence spectrophotometer.
Results and Discussion
The molecular structure of the polymer used in experiments is shown in Figure 1 , and the molecular weight is 19600 [24] . The polymer molecule contains tetraphenylethene (TPE) structural unit, which is a kind of typical nonplanar molecule with the AIE property. When it is integrated to the conventional dye molecules, it would twist the adduct molecules with significantly decreased effect of intramolecularstacking in the solid state and thus greatly diminish the tendency of adducts to form crystal. Meanwhile, the used polymer is photoresponsive, and its thin film can be readily cross-linked by UV irradiation to furnish fluorescent negative photoresist patterns with good resolution [24] . In this work, the ordered honeycomb structures are prepared by BF process, from TPE-containing polymer 1,2-dichloroethane solution, which have the AIE phenomenon. Figure 2 (a) is the fluorescence microscope image of the film before and after photopolymerization. From this image, we can see that the porous film can be prepared over a large area, and uniform pores with hexagonal arrangement are formed with a diameter of about 2-3 m and wall thickness of about 1.0 m. The pore structure and the pore size are not affected by the light illumination. The porous film emits bright blue light before photopolymerization, while it emits dim blue light after photopolymerization. It illuminates that the photopolymerization makes the film emission intensity decrease. with emission maxima at 482 nm before photopolymerization, while it emits weak blue light with emission maxima at 490 nm after photopolymerization, which is consistent with that observed in Figure 2(a) . Thus, the photopolymerization leads to a red-shift of the photoluminescence of about 8 nm. This is probably because the photopolymerization enhances intermolecular interaction, which leads to the red shift of the maximum fluorescence peak [25] . From the fluorescence microscope image and the fluorescent spectrum of the film before and after photopolymerization, it can be seen that the porous film has the AIE property whether it is photopolymerizable or not. Figure 3 (a) is low magnification confocal image of the patterned honeycomb square lattices. Figure 3(b) is the corresponding optical photo of the square lattices. From these images, it can be seen that the patterned square lattice film was successfully prepared. The blue light emission region with the size of 50 m is the honeycomb structure region, while the black region with the size of 150 m is the glass substrate region. The square lattice size in the confocal image seems to be larger than that in the optical photo because of the emissive effect. Figure 3(c) is the high magnification confocal image and Figure 3(d) is the corresponding optical photo. From these images, it can be seen that the patterned square lattice film keeps the honeycomb structure very well. The diameter of the pore is about 2-3 m and the wall thickness is about 1.0 m. The pore structure and the pore size are not affected by the photo-cross-linking process, which is consistent with that observed in Figure 2(a) . Meanwhile, we also changed the used mask to prepare different size patterns, shown in Figure 4 . Figure 4(a) is the low magnification confocal image of the patterned honeycomb square lattices, and Figure 4(b) is the corresponding optical photo. It can be seen that the patterned square lattices film was also successfully prepared. The blue light emission region with the size of 100 m is the honeycomb structure region, while the black region with the size of 300 m is the glass substrate region. structure and the pore size are also not affected by the photocross-linking process. In control, we also prepared patterned smooth film. Figure 5(a) is the low magnification confocal image of patterned smooth film square lattices. Figure 5(b) is the corresponding optical photo of the square lattices. From these images, it can be seen that the patterned smooth film was successfully prepared, which has the same size of 50 um pattern and the 150 um space. The blue light emission region with the size of 50 m is the smooth film region, while the black region with the size of 150 m is the glass substrate region. Figure 5(c) is the high magnification confocal image, and Figure 5(d) is the corresponding optical photo. From these images, it can be seen that patterned square lattices film surface has no structures. Meanwhile, we also prepared different size patterns, shown in Figure 6 . Figure 6(a) is the low magnification confocal image of the patterned smooth film square lattices, and Figure 6 (b) is the corresponding optical photo. It can be seen that the patterned smooth film square lattices were also successfully prepared. The blue light emission region with the size of 100 m is the smooth film region, while the black region with the size of 300 m is the glass substrate region. Figure 6(c) is the high magnification confocal image, and Figure 6(d) is the corresponding optical photo. From these images, it can be seen that the patterned smooth film square lattices also have no structure on the surface.
In order to deeply understand how the honeycomb structure can affect the film wettability, the contact angles (CAs) of patterned honeycomb structure film, patterned smooth film (shown in Figure 7) , honeycomb structure film, and smooth film (shown in Figure S1 ; see Supplementary Material available online at http://dx.doi.org/10.1155/2013/853154) were measured. The honeycomb structure films have the contact angle of 87.3 ± 4.7 ∘ , and the smooth films have the contact angle of 28.6 ± 3.2 ∘ , while the patterned honeycomb structure film with the size of 50 um pattern and the 150 um space has the CA of 91.5 ± 2.8 ∘ , and the patterned honeycomb structure film with the size of 100 um pattern and the 300 um space has the CA of 92.3 ± 3. of 100 um pattern and the 300 um space has the CA of 17.2 ± 2.1 ∘ . In contrast with the honeycomb film and the smooth film, the contact angle of the patterned honeycomb structure film increased a little. While the patterned smooth film has a smaller one, this phenomenon illustrates that the CA will be decreased with the increases of the surface roughness by inducing patterns because the smooth film is hydrophilic.
To make the readers understand easily, the principle of the wetting on the solid surfaces was given. In 1936, Wenzel proposed a model to express the relationship between surface roughness and contact angle by the following equation:
where is the surface roughness factor, is the apparent contact angle in the Wenzel model, and is the contact angle in Young's model [26] . The basic assumption in Wenzel's theory is that the liquids completely fill the grooves of the rough surface where they contact. From (1), it can be found that roughness enhances both wetting and antiwetting depending on the nature of the corresponding flat surface. If the smooth material gives a contact angle greater than
90
∘ , the presence of surface roughness increases this angle still further, but if is less than 90 ∘ , the surface roughness decreases the angle.
As cast, smooth film shows hydrophilicity (CA = 28 ± 3.2 ∘ ). Wenzel's theory indicates that the increase of roughness of a hydrophilic solid surface will result in more hydrophilic surface [26] . From the fluorescence microscope image (Figure 2(a) ), it can be seen that the pores on the film are formed and separated from each other. Therefore, an air pocket at the interface between water and honeycomb structure film can be formed. The presence of air pores in the honeycomb film can improve the roughness of the surface. If the honeycomb film is of the same chemical composition with that of the smooth surface, the surface topography will be one of dominant factors for the control wettability. The CA of the honeycomb film will become small according to Wenzel's theory. Actually, the CA data increased at the honeycomb film surface. So, there must be another factor to play an important role, which is the change of the surface chemical composition. The CA change is mainly caused by the change of the surface roughness Journal of Nanomaterials and the surface free energy [26, 27] . During the BF process, the hydrophilic blocks tend to aggregate themselves around the water droplets because of the mutual interaction. After the evaporation of water, porous films with polar functional groups enriched inside the pores and hydrophobic blocks enriched on the external surface were achieved [28] [29] [30] . The formation process of the honeycomb film by BF method makes the hydrophilic group of the polymer concentrate in the pore wall, and the hydrophobic group aggregate on the film surface [31] . The surface free energy decreases because of the chemical composition change. So, the increase of the roughness and the decrease of the surface free energy are responsible for the surface wettability change. Furthermore, the honeycomb film is hydrophobic with a CA of about 90, so the CA will be increased with the increases of the surface roughness by inducing patterns.
Conclusion
The patterned porous honeycomb-like film with the AIE property was prepared successfully by the BF method. Characterization of contact angles (CA) indicates that the patterned porous honeycomb structure can improve the hydrophobicity of the film, while smooth films do not have this function. Characterization of the fluorescence property indicates that the patterned honeycomb structure film is highly emissive. This work could not only be promising for controlling molecular group reorientation and suitable for the application of manipulating surface composition of the film but also make the TPE derivatives with AIE property have a promising application future in special wettability surface. The present findings should open a way for the new application of honeycomb structure materials, which will be useful in many areas, such as sensors, tissue engineering, clinical medicine, and biomaterials.
